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Luciferase reporter assays
For all reporter assays, the desired number of individual colonies from transformation plates were grown overnight at 37 °C in Davis Rich Media (DRM) 1 supplemented with carbenicillin (50 µg/mL from 1,000x aqueous stock solution) and spectinomycin (100 µg/mL from 1,000x aqueous stock solution). Cultures were diluted 100 to 1,000-fold into fresh medium additionally and luciferase activity at 37 °C on an Infinite Pro M1000 plate reader (Tecan). For discrete timepoints, 150 μL of culture was transferred to the same plates at given times post-induction and measured the same way. All liquid cultures and continuous cultures during plate-reading were grown with regular shaking or stirring.
Plaque Assays for Phage Titer Quantification
For plaque assays used to clone and titer phage, the desired host strain for plaquing was grown at 37 °C to late log-phase (OD 600 0.6-1.2). 100 to 200 μL of host culture was infected with 10μL of a phage dilution series and diluted into 1 mL of molten 0.75% (w/v) agar in 2xYT and immediately plated on 1.5% (w/v) agar in 2xYT media. Agar was cooled and set before plates were inverted and grown overnight at 37 °C.
Validation of negative phase
TSS chemically competent E. coli 2 S1030 were transformed with pTR83p4m4, pDB062c, and MP6 and plated on 2xYT agar containing 0.5 to 2% glucose (w/v) and appropriate antibiotics (carbenicillin, 50 µg/mL; chloramphenicol, 40 µg/mL; spectinomycin, 100 µg/mL). A single colony was grown to saturation overnight at 37 °C in DRM containing appropriate antibiotics and diluted the next day 100-to 1,000-fold into fresh DRM. Cultures were grown to log-phase (OD 600 0.3-0.6) and treated with methanol (0 or 500 mM) with or without glutathione (10 mM). Treated cultures were split into the desired number of 2 mL cultures in single culture tubes and infected with selection phage. Infected cultures were grown overnight at 37°C and harvested via centrifugation (20,000 rcf for 2 min). Supernatant containing evolved phage was isolated with optional filtration through a 0.2 μm Costar spin filter (Corning) and stored at 4°C. Isolated phage were used as a template for PCR amplification of the gene of interest (Cn mdh2 CT4-1 or Cn phaC) and qualitatively assessed for total phage population size by gel electrophoresis (1% (w/v) agarose gel containing 0.2% (v/v) ethidium bromide).
Negative phase PANCE experiments
TSS chemically competent E. coli 2 S1030 were transformed with desired AP combination (either pTR51p4m4sd8 or pTR83p4m4 and pDB062c as shown in Supporting Figure S5 ) and MP and plated on 2xYT agar containing 0.5 to 2% glucose (w/v). A single colony was grown to saturation overnight at 37 °C in DRM containing appropriate antibiotics (carbenicillin, 50 µg/mL; chloramphenicol, 40 µg/mL; spectinomycin, 100 µg/mL) and diluted the next day 100-to 1,000fold into fresh DRM. To prevent issues with off-target activity during positive selection, all strains used for positive or drift selection phases were supplemented with a 1,000x solution of chloramphenicol in DMSO instead of ethanol. Negative selection phases instead used an ethanol solution to select against any effects that the ethanol might have on the formaldehyde sensor. Cultures were grown to log-phase (OD 600 0.3-0.6), treated with 10mM arabinose to induce mutagenesis, the desired amount of anhydrotetracycline for a given passage (0 or 40 ng/mL), glutathione solution to a final concentration of 10 mM, and the desired amount of methanol (0 to 500 mM). Treated cultures were split into the desired number of 2 mL cultures in single culture tubes and infected with selection phage. Infected cultures were grown for a minimum of 8h or overnight at 37 °C and harvested via centrifugation (20,000 rcf for 2 min).
Supernatant containing evolved phage was isolated with optional filtration through a 0.2 μm
Costar spin filter (Corning) and stored at 4 °C. Isolated phage were then used to infect the next passage and the process repeated for however many passages were desired for the selection.
Phage were diluted passage to passage by at least 10-fold and up to 1,000-fold. Phage titers were determined by plaquing onto pJC175e-containing S1030 derivative strain S1381.
Sequencing data was collected by picking individual plaques into fresh media and growing overnight. Overnight cultures were spun down and the supernatant used as template material for rolling circle amplification using illustra TempliPhi DNA Amplification kits (GE Healthcare).
Sequences were determined by Sanger sequencing and results were aligned using SeqMan alignment software (DNAStar) and manually analyzed and recorded. All liquid cultures and were grown with continuous shaking or stirring.
Mdh and Act purification
pET vectors encoding 6x-His-Mdh genes or 6x-His-Act were transformed into BL21* (de3)
Chemically Competent E. coli (Invitrogen) and plated on LB Agar with 50 μg/mL kanamycin at 37°C. A single colony of each variant was inoculated into 2 mL of LB media with 50 μg/mL kanamycin and grown overnight at 37°C. Overnight cultures diluted 1,000-fold into to 200 mL of LB with 50μg/mL kanamycin, 20mM MgSO 4 , and 100μM ZnCl 2 and grown to OD 600 0.6-1.2, induced with 0.1 mM IPTG, and grown overnight at 22 °C (220 RPM). Cultures were spun down at 10,000 rcf for 15 minutes at 4 °C, decanted, and resuspended in 3mL B-PER reagent treated with EDTA-free protease inhibitor (Roche cOmplete™, Mini, EDTA-free) and left at room temperature for 30-60 minutes. Lysed cells were spun down for 20 minutes at 20,000 rcf at washed with PBS, pH 7.4 with 10 mM imidazole to remove all ethanol). Flow through was collected by gravity and/or light application of vacuum to speed up the initial flow. The column was then washed with 2 to 10 mL of ice-cold wash buffer (PBS pH 7.4 with 25 mM imidazole), followed by elution with 2 mL ice cold elution buffer (PBS pH 7.4 with 250 mM imidazole).
Elution fractions were checked via SDS-PAGE gel, pooled, and transferred to Amicon 3 kDa CO Spin Columns and concentrated. Proteins were exchanged a total of 5 times into Tris-HCl (pH 7.5) to remove imidazole, with a final estimated imidazole concentration of no more than 1 mM.
Final protein concentrations were determined via Pierce BCA Protein Assay (ThermoFisher). 1 μg of each enzyme was analyzed via SDS-PAGE using a Bolt 4-12% Bis-Tris Plus Gel (ThermoFisher) and visualized with Instant Blue stain (Expedeon) to verify the purity and size of each enzyme. Enzyme was flash-frozen in liquid nitrogen and stored at -80 °C.
Mdh kinetic assays
Frozen aliquots of purified enzymes were thawed on ice prior to analysis. NAD+ was added to reaction buffer (100 mM glycine-NaOH (pH 9.5), 50 mM MgSO 4 ), and was incubated for 5 minutes with about 10 μg of Mdh enzyme with or without 1 μg of Bm Act at 37 °C. The methanol dehydrogenase reaction was initiated by the addition of methanol to a final concentration of 500 mM at a final volume of 100 μL in a Corning black clear bottom 96 well plate. Product formation at 37 °C was quantified in comparison to an NADH standard curve prepared in reaction buffer.
Total protein concentrations were re-confirmed by Pierce BCA Protein Assay (ThermoFisher).
We note here that 50 mM MgSO 4 is ten times more concentrated than typical assay conditions, but this did not noticeably alter our observed reaction rates. Reactions were all blanked to a well containing reaction buffer with 1 mM NAD+. Initial velocities were determined from the slope of a plot of the calculated concentration of NADH based on absorbance at 340 nm. Figure S1: Phage not carrying Mdh do not survive PANCE. SP equivalent to that used for the Mdh evolution were cloned to contain phaC from Cupriavidus necator, an enzyme with no redox function 3 . Phage were added at the passage number indicated, corresponding to the passage numbers of the experiment in Figure 1C . pfu, plaque-forming units.
Figure S2: PANCE converges on mutations that improve apparent Mdh activity. Top,
Sequencing data for initial PANCE of Bm Mdh2. Twelve clones isolated from plaques from each given passage were sequenced. The heat map shows the percentage convergence of all mutations that occurred in at least two clones sequenced from the entire pool. Black dotted lines show times at which the methanol concentration was lowered during the experiment. The blue box highlights the major consensus mutation, M163V. Bottom, Reporter activity is higher for evolved Bm Mdh2 variants. Select clones from passages 38 and 45 representing the major consensus genotypes in the population were sub-cloned into an expression plasmid and assayed using the P frm reporter system. Error bars show the standard deviation across three biological replicates. RLU, Relative Luminescence Units. OD 600 , optical density measured at 600 nm. Assay conditions included 10 mM glutathione.
Figure S3
: Plate-based PANCE accesses many new mutations. Top, selection schedule for Plate-Based PANCE. All wells were passaged using the dilution rate and ATc concentrations shown. Bottom, full phage titers and consensus mutations for plate PANCE passage 38. Eight clones isolated from plaques from each population were sequenced. Consensus mutations are listed in order of frequency, with each mutation shown occurring in at least two sequenced clones. Mutations in parentheses were present within a smaller subset of individuals containing the other listed mutation, whereas mutations preceded by an asterisk represent a separate set of converged mutations from those without asterisks. The brackets around the T357P mutation for 63mM pop 3 indicate that G106S occurred in combination with either R27C or T357P, but not the two together. pfu, plaque forming units. Figure 1C was used to infect a negative selection host strain and was passaged with the selection schedule shown starting from 250 mM methanol for positive selection and drift selection conditions. Passage 1-45 are identical to Figure 1C . The black dotted line shows when methanol concentrations were reduced to 62.5 mM from 250 mM (passage 79). The red point shows a time before the blue population converged on cheaters, which was split off and passaged alongside the cheater population under more stringent negative selection conditions (three passages of negative selection between each round of positive selection). The starred "500 mM methanol" portion of the graph is the same data from the first 45 passages shown in Figure 1C .
Figure S7: Cheaters isolated from PANCE bind to formaldehyde-insensitive FrmR C35S.
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